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pyridine/pyrrole hybrid and anion-binding behavior of the corresponding
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New heteroscorpionate ligands (1 and 2) having a di(pyridin-2-yl)(1H-pyrrol-2-yl)methane substructure
are synthesized. X-ray crystallographic analysis on 1 and 2 reveals that they form unique hydrogen bond-
ing networks depending on the size of neighboring groups in solid states. 1 and 2 can form cationic rho-
dium(I) complexes, wherein the counter anions form hydrogen bondings with the pyrrolic NH moiety. In
alkyne cyclotrimerization reactions using those complexes as catalyst, the catalytic activity is signifi-
cantly enhanced when electron-donating counter anions is placed near the metal center.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Monoanionic tripodal nitrogen donor ligands such as tris(pyraz-
olyl)borate are isoelectronic with the cyclopentadienyl ligand and
widely employed in coordination chemistry and catalyst [1,2].
They have been commonly used as supporting ligands, which en-
able isolation of structurally as well as electronically interesting
transition metal complexes [3]. Unique asymmetrical monoanionic
tripodal ligands based on tetrapyrrolic units have been developed
recently and applied for catalyst and stabilization of high oxidation
state of the metal center [4]. Alternatively, heteroscorpionate li-
gands and related compounds including functionalized bis(pyra-
zol-1-yl)methane are also studied extensively because of their
high flexibility on metal coordination [5-8].

We are currently interested in hydrogen bonding networks as
well as anion-bindings by pyrrolic NH moieties [9]. Such anion rec-
ognition has been applied to the controlling redox or photophysical
properties [10], construction of supramolecules [11], and so on. In
particular, anion effects on the reactions catalyzed by cationic me-
tal complexes have gathered much attention, because such strat-
egy does not require tedious chemical transformations for
modification of catalysts and, consequently, has hopeful prospect
in the field of catalysis [12,13]. For instance, significant refinement
of reactivity is observed in the rhodium catalyzed hydroamination
reactions [14], aldol reactions [15], and intramolecular cyclization
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reactions [16] through the anion exchange of the catalysts. Never-
theless, detailed research, especially from the viewpoint of coordi-
nation chemistry, has not enough pursued yet.

This time, a connection of different metal coordination sites like
pyridine and pyrrole [17] was studied to produce new heteroscor-
pionate ligands (1 and 2, Chart 1), which showed unique hydrogen-
bonding networks depending on the size of neighboring groups.
Beside, rhodium(I) complexes bearing a variety of counter anions
were prepared with those ligands and alkyne cyclotrimerization
reactions [18] were carried out with those complexes. The reactiv-
ity is significantly dependent on counter anions and the result af-
fords fundamental information about the anion effect on alkyne
cyclotrimerization reactions.

2. Results and discussion

The new monoanionic tripodal nitrogen donor ligands (1 and 2)
composed of two pyridine units and one pyrrole unit can be pre-
pared easily as follows (Scheme 1). The ligand 1a was synthesized
from 2,2’-dipyridylketone (3) and pyrrole. Upon treatment of 3 in
pyrrole with trifluoroacetic acid (TFA) at ambient temperature,
addition reaction proceeded smoothly to give 1a in 67% yield. Since
N-substitution competes against O-substitution in alkylation reac-
tions of 1a with alkyl halides, chemical transformation from 1a to
1b,c is so far ineffective. Then, preparation of 1b,c was achieved
through protection of the pyrrole moiety. First, N-BOC-2-bromo-
pyrrole (4, BOC = t-butoxycarbonyl), prepared as reported, was
lithiated with n-BuLi at —78 °C [19]. Second, 3 was added to the
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Scheme 1. Preparation of 1a-c.

resulting N-BOC-2-lithiopyrrole to give a carbinol (5) in 92% yield.
5 can be prepared by protection of 1a albeit in much lower yield.
Finally, treatment of 5 with NaOMe or NaOEt afforded 1b or 1c
in 40% or 47% yield, respectively [20]. The ligand 2 was prepared
via Pictet-Spengler reaction (Scheme 2) [21,22]. Heating of 3 and
tryptamine (6) in the presence of p-toluenesulfonic acid (TsOH)
gave the adduct 7 in 78% yield. Subsequent treatment of 7 with
Mel under basic conditions afforded 2 in 99% yield [23]. The expe-
ditious routes developed here allow us to obtain 1 and 2 in gram
scales within a few days.

The structures of 1 and 2 are elucidated by X-ray crystallo-
graphic analysis. The ORTEP drawings of 1a-c are shown in
Fig. 1. The bis(2-pyridyl)pyrrolylmethane substructures are clearly

TsOH
A N BN i X (0.1 equiv)
N 2N
H

N~ toluene
reflux

6 3 8h
78%

Mel
(90 equiv)

NaHCO;
(14 equiv)
MeOH
23°C, 2d

99%

Scheme 2. Preparation of 2.

Fig. 1. Crystal structures of: (a) 1a, (b) 1b, and (c) 1c. Thermal ellipsoids are shown
at the 30% probability level.

observed in 1a-c. Directions of the pyrrole rings as well as the pyr-
idine rings differ in each molecule, indicating flexible rotation of
these rings. Fig. 2 shows the X-ray structure of 2. Compared to 1,
2 has the rigid structure due to bridging between the indole moiety
and the bis(2-pyridyl)methane moiety and hence the direction of
NH moiety relative to the two pyridine rings is nearly fixed.
Because 1 and 2 have the hydrogen-donating pyrrole ring and
the hydrogen-accepting pyridine ring in addition to the hydroxy
or alkoxy groups, they form ordered architectures through hydro-

Fig. 2. Crystal structure of 2. Thermal ellipsoids are shown at the 30% probability
level.
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N-O 3.0905(14) A
N-O 2.5572(14) A

Fig. 3. Hydrogen-bonding network of 1a in solid state.

gen bondings in solid states. In the case of 1a, formation of a di-
meric structure is found as shown in Fig. 3. Intermolecular hydro-
gen bonding is formed between the pyrrolic NH moiety of one
molecule and the oxygen atom of the adjacent molecule. The inter-
molecular N-O bond length is 3.0905(14) A. The intramolecular
NH-0 bond (N-O bond length: 2.6368(14) A) and the intramolec-
ular OH-N bond (N-O bond length: 2.5572(14)A) are also ob-
served in 1a. When the methyl group is introduced to the
hydroxy moiety of 1a, hydrogen bondings around this moiety are
disturbed and 1D chain hydrogen-bonding network is constructed
as illustrated with 1b (Fig. 4). In 1b, the methoxy group is not en-
gaged for hydrogen bondings. Alternatively, sequential NH-N
hydrogen bonds (N-N bond length: 3.1051(18) A) are formed to
construct zigzag alignments. Interestingly, this 1D chain network
is easily torn into dimers by changing the methoxy group to the
ethoxy group. In the solid state structure of 1c, only a dimeric
architecture is observed (Fig. 5) and no 1D chain networks are
found at all. The oxygen atom does not contribute to hydrogen
bondings and only intra- and intermolecular NH-N bonds (N-N
bond lengths: 2.8895(14) and 2.9738(14) A) are detected. Possibly
due to different configuration derived from hydrogen bonding net-
work, 1a-c have totally different crystal systems (1a: monoclinic,
1b: orthorhombic, 1c: triclinic), although they do not contain any
solvent molecules. In the case of 2, only intermolecular NH-N
bonds (N-N bond length: 3.0288(14) A), which result in a forma-
tion of dimer, are observed (Fig. 6).

The cationic rhodium complexes 8a-Cl, 8b-Cl, and 9-Cl are read-
ily prepared by treatment of 1 and 2 with [RhCl(cod)], (cod = 1,5-
cyclooctadiene) at ambient temperature (Scheme 3). When 1a was
treated with [RhCl(cod)], in CH,Cl,, coordination of 1a to a rho-
dium metal proceeded smoothly to give the rhodium(I) complex
8a-Cl in 95% yield. Similarly, treatment of 1b afforded 8b-Cl in
95% yield. The reaction of 2 with [RhCl(cod)], also afforded the cor-

N-N 2.9738(14) A

N-N 2.8895(14) A

Fig. 5. Hydrogen-bonding network of 1c¢ in solid state.

N-N 3.0288(14) A

Fig. 6. Hydrogen-bonding network of 2 in solid state.

responding rhodium complex 9-Cl in 95% yield. In the 'H NMR
spectra, the signals ascribable to the pyrrolic NH moieties are ob-
served at 6 11.03 ppm for 8a-Cl, 11.65 ppm for 8b-Cl, and
13.43 ppm for 9-Cl. Such significant low-field shifts from those of
the intact ligands 1 and 2 (6 9.41 ppm (1a), 10.78 ppm (1b), and
8.94 ppm (2)) suggest the existence of hydrogen bondings between
the pyrrole NH moieties and the chloride anions [24].

Strong evidence for the structural assignment of the rhodium
complexes is derived from the X-ray crystallographic analysis on
8a-Cl. The ORTEP drawing of 8a-Cl is shown in Fig. 7 and the se-
lected structural parameters are listed in Table 1. The rhodium me-
tal is coordinated by the two pyridine nitrogen atoms as well as the
cod ligand. The distance between the chloride anion and the pyr-
role nitrogen atom or the hydroxyl oxygen atom is 3.322(3) or
3.031(2) A, respectively. These values show that the chloride anion
is recognized by both the NH and OH moieties. While 8a-Cl for-
mally has the C; symmetric structure, the bond lengths and the
bond angles around the metal center are asymmetrical in solid

N-N 3.1051(18) A

Fig. 4. Hydrogen-bonding 1D chain network of 1b in solid state.
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Fig. 7. Crystal structure of 8a-Cl. Thermal ellipsoids are shown at the 30%
probability level.

Table 1

Selected bond lengths (A) and angles (°) for the X-ray structure of 8a-Cl

Rh-C1 2.160(3) c1-C2 1.389(4)
Rh-C2 2.143(2) C3-C4 1.406(5)
Rh-C3 2.100(3) #/N1-Rh-N2 82.60(8)
Rh-C4 2.092(4) ZC1-Rh-C2 37.7(1)
Rh—N1 2.117(2) ZC2-Rh-C3 81.2(1)
Rh—-N2 2.177(2) /C3-Rh-C4 39.2(1)
0-Cl 3.031(2) ZC4-Rh-C1 81.0(1)
N3-Cl 3.320(3)

state. For example the Rh—N1 bond length (2.117(2) A) is shorter
than the Rh—N2 bond length (2.177(2) A) by 0.06 A.

Treatment of 8b-Cl or 9-Cl with NaHCOs resulted in the coordi-
nation of anionic pyrrole nitrogen atom through a loss of the HCI
molecule as well as decoordination of one pyridine ligand to give

neutral complexes 10b or 11, respectively (Scheme 4) [25].
Furthermore, treatment of 10b or 11 with NH4Cl caused regenera-
tion of 8b-Cl or 9-Cl. These cycles are essentially reversible and
interchange between the pyrrole ring and the pyridine ring occurs
without decomposition of the complexes. In 10b and 11, a loss of
hydrogen atom attached to the pyrrole nitrogen atom is surely
confirmed by the 'H NMR spectra and the detailed structure
of 11 is elucidated by X-ray crystallographic analysis (Fig. 8 and
Table 2). The anionic pyrrole nitrogen atom (N3) and one of the
two pyridine nitrogen atoms (N1) coordinate to the metal center
and another pyridine nitrogen atom (N2) remains free.
Manipulation of anions in 8a-Cl and 9-Cl is achieved in a com-
mon manner (Scheme 5). Anion exchange is possible by treatment
with silver salts or sodium salts. For example, mixing of 8a-Cl with
AgPFg and subsequent recrystallization affords 8a-PFs. In a similar
manner, the reactions of 9-Cl with the corresponding silver salts
give 9-PFs, 9-NOs, and 9-OCOCFs. In addition, treatment of 9-Cl
with NaBPh, gives 9-BPh,. The 'H NMR signals of pyrrolic NH pro-
tons give definite information on the structures of the anion-ex-
changed rhodium complexes. The exchange of anions from
chloride to hexafluorophosphate causes the high-field shifts (&
9.28 ppm (8a-PF;s) and 11.71 ppm (9-PF)), which suggests weaker
interaction between the NH moieties and the anions. While
distinct anion bindings are implied for 9-NO5 (6 12.90 ppm) and
9-0COCF; (4 12.72 ppm), almost no interaction between the NH
moiety and the anion is recognized in 9-BPh, (§7.95 ppm).

Fig. 8. Crystal structure of 11. Thermal ellipsoids are shown at the 30% probability
level.
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Table 2
Selected bond lengths (A) and angles (°) for the X-ray structure of 11
Rh—C1 2.109(5) C3-c4 1.350(8)
Rh-C2 2.153(5) /N1-Rh-N3 81.29(14)
Rh—C3 2.141(5) Z/C1-Rh-C2 37.0(2)
Rh-C4 2.134(5) /C2-Rh-C3 80.6(2)
Rh—N1 2.116(4) /C3-Rh-C4 36.8(2)
Rh—N3 2.076(4) ZC4-Rh-C1 82.0(3)
c1-C2 1.353(8)
Cl= ’F\’F(;
H OH H OH
\ e 4 \ AgPFG \ P a \
N n N

AgX
or
NaX

/\
/7 ex

X = PFg, BPhy, NO3, OCOCF,

Scheme 5. Manipulation of anion in the anion-recognizing rhodium complexes.

Fig. 9. Crystal structure of 8a-PFs. Thermal ellipsoids are shown at the 30%
probability level.

Evidence for the structure of 8a-PFg is obtained from X-ray
crystallographic analyses. The ORTEP drawing of 8a-PFg is shown
in Fig. 9 and the selected structural parameters are summarized
in Table 3. The structure of 8a-PFg is similar to that of 8a-Cl. For

Table 3

Selected bond lengths (A) and angles (°) for the X-ray structure of 8a-PFg

Rh—C1 2.172(9) c1-c2 1.408(15)
Rh-C2 2.169(10) 3-C4 1.426(15)
Rh—-C3 2.133(9) /N1-Rh-N2 82.5(3)
Rh—C4 2.136(9) /C1-Rh-C2 37.8(4)
Rh-N1 2.137(7) /C2-Rh-C3 80.6(4)
Rh—N2 2.201(7) /C3-Rh-C4 39.0(4)
0-F1 3.012(11) /C4-Rh-C1 81.1(4)
N3-F2 2.969(13)

example, the Rh-N1 bond length (2.137(7) A) and the Rh-N2 bond
length (2.201(7) A) differ significantly although it is C; symmetric
formally. The hexafluorophosphate ion is also recognized by both
the NH and OH moieties. The shortest N3-F and the O-F bond
lengths are 2.969(13) and 3.012(11) A, respectively.

With a variety of rhodium complexes in hands, anion effect in
cyclotrimerization reactions of dimethyl acetylenedicarboxylate
(DMAD) was investigated. A solution of DMAD in toluene or chlo-
robenzene was heated at 80 °C for 1 d in the presence of 1 mol% of
the catalyst. The non-coordinative solvents would be important for
the efficient cyclotrimerization, because no reaction proceeded
when the reactions were carried out in THF at the refluxed temper-
ature. The lower reaction temperature and the less amount of cat-
alyst were adopted to establish anion effect, while the quantitative
yields were obtained under the harsh conditions. The reactions
proceeded cleanly and only the starting material and the product
except for the catalysts were detected by 'H NMR analysis after
heating. The results are summarized in Table 4. The reactions with
8a-Cl and 8b-Cl essentially give the same results (21% yields), indi-
cating both of the complexes take the similar structures in solution
(entries 1 and 3). The use of 8a-PF; affords the similar result (16%
yield, entry 2). The solid phase structures of 8a-Cl and 8a-PF; sug-
gest that the counter anions are placed on the opposite side of the
ligands with the metal ions. Hence, the difference of the anions
would not affect the reactions. Meanwhile, in the case of the reac-
tions with 9-X, where the anions would be placed on the same side
with the metal center, considerable anion effect is observed in the
alkyne cyclotrimerization reactions. Study on the anion effect with
9-X is performed in chlorobenzene because of poor solubility of the
catalysts in toluene. Note that the reactivity in chlorobenzene is

Table 4
Rhodium catalyzed cyclotrimerization reactions of DMAD

Catal COOMe
(oo MeooC COOMe
MeOOC————COOMe Sorvent
olven
80°C, 1d MeOOC COOMe
COOMe
Entry Catalyst Solvent Yield (%) S (ppm)?
1 8a-Cl Toluene 21 11.03
2 8a-PFs Toluene 16 9.28
3 8b-Cl Toluene 21 11.65
4 9-C1 Toluene 54 13.43
5 9-Cl Chlorobenzene 64 13.43
6 9-PF¢ Chlorobenzene 31 11.71
7 9-BPh, Chlorobenzene 22 7.95
8 9-NO; Chlorobenzene 17 12.90
9 9-0COCF3 Chlorobenzene 9 12.72
10 10b Chlorobenzene 58 -
11 11 Toluene 21 -
12 11 Chlorobenzene 39 -

2 The chemical shift values of NH moieties in CDCls.
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somewhat superior to those in toluene as illustrated in entries 4, 5
and 11, 12. The rhodium complexes 9-PFg, 9-BPh,, 9-NO3, and 9-
OCOCF; are examined in addition to 9-Cl. Among the catalysts
examined, 9-Cl shows the best reactivity (64% yield, entry 5). In
the case of 9-BPh,, where no anion-recognition is expected, the
yield is significantly decreased (22%, entry 7). This means that
the presence of the chloride anion near the metal center enhances
activity of the catalysts in alkyne cyclotrimerization reactions. The
PFs anion can also improve the reactivity (31% yield, entry 6),
though the effect is small. In contrast, less reactivity than 9-BPh,
is observed in the reactions with 9-NOs (17% yield, entry 8) and
9-0COCF; (9% yield, entry 9). Since the anions would be placed
near the metal centers in 9-NO3 and 9-OCOCF;3, the anions disturb
the catalytic reactions in these cases.

On the assumption that a rate-determining step in the rho-
dium-catalyzed cyclotrimerization reactions is a dimerization step
of two alkyne molecules, which is suggested by theoretical studies
[26], the experimental results can be rationalized as follows
(Scheme 6). In the dimerization step of electron-poor DMAD,
back-donation from metal to DMAD enhances the bond formation
between the two alkyne molecules through enlargement of orbital
overlapping. Electron donation from anion to the metal center
would support such back-donation. When the reactions are carried
out with 8a-Cl, 8a-PFg, and 8b-Cl, the counter anions place far from
the rhodium metal throughout the reactions and thus electron
donation from the counter anions to the metal center hardly ex-
pected in the midst of the reactions (Scheme 7a). In contrast, the
counter anion places near the metal center in an intermediate de-
rived from 9-ClI (Scheme 7b) and chloride anion could donate elec-
tron considerably to the metal center, which causes appreciable
enhancement of the reactivity. In the case of the reaction with 9-
PFs, electron donation in an intermediate would be modest due
to the weaker electron-donating ability of PFg, which results in
the moderate yield in the catalytic reaction. The interaction between
the pyrrolic NH moiety and BPhy is negligible and the poor yield is
obtained when the reaction was carried out with 9-BPh,. Whereas
the interaction between NO3 (OCOCF3) and pyrrolic NH moiety
would be strong in 9-NO; (9-OCOCF;) as suggested by the 'TH NMR
analyses, the yields are very low probably due to the weaker elec-
tron-donating abilities of nitrate and trifluoroacetate. Additionally,
the steric repulsion between the counter anions and DMAD might
be another important factor in the anion effect. Large anions near
the metal center would inhibit coordination of DMAD to the rho-
dium metal. Nevertheless, the steric effect cannot explain all the
experimental result (e.g. entries 6-8) and hence electronic perturba-

Scheme 7. Supposed structures of intermediates in rhodium catalyzed alkyne
cyclotrimerization reactions.

tion from the counter anion to the metal center would be worth not-
ing when one consider catalytic reactions with cationic complexes.

3. Conclusion

In conclusion, the new hetero-scorpionate ligands composed of
pyrrole and pyridine (1 and 2) and the corresponding rhodium
complexes (8-11) were synthesized and characterized. In the solid
state structures of 1 and 2, varied hydrogen-bonding networks are
observed depending on the steric hindrance imposed by the neigh-
boring groups. With the cationic rhodium complexes prepared,
where the counter anions are recognized by the pyrrolic NH moie-
ties, anion effect on the rhodium-catalyzed alkyne cyclotrimeriza-
tion reactions is observed. When the chloride anion places near the
metal center, definite enhancement of the catalytic activity is de-
tected. Detailed mechanistic study such as in situ observation of
catalysts and theoretical approach to reactive species would give
further important information on the alkyne cyclotrimerization
reactions in the near future.

4. Experimental

All the reactions were carried out in oven-dried vessels under Ar
or N, atmosphere. Commercially available solvents and reagents
were used without further purification unless otherwise men-
tioned. THF was distilled over benzophenone ketyl. Thin-layer
chromatography (TLC) was carried out on aluminium sheets coated
with silica gel 60 (Merck5554). Preparative separations were per-
formed by silica gel column chromatography (KANTO Silica Gel
60 N, spherical, neutral, 40-50 pm and KANTO Silica Gel 60 N,
spherical, neutral, 63-210 um). 'H NMR spectra were recorded in

©)
. th.-.| | slow E RN _E
; \ ]
X_E o | 8acl, 8a-PF, \S—Z/ o
2@ x© E"X" | sb-cLoBPh,| E E X
20%
. cf. Scheme 7a ? electron-donation E
E — i ﬂ xO E E
fast '
>\ . = e e | ==
Anion is placed near Rh. || g o 9-PF4 \S\_/Z/ E E
E X E E E
£ R;h E 30~60% L -
- \@ / B x ©
EE slow Rh® ]
E E
cf. Scheme 7b 9-NO, \
_ 9-OCOCF
E = COMe 1o20%. L EE ]

Scheme 6. Anion effect in rhodium catalyzed alkyne cyclotrimerization reactions.
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CDCl5 solution on a JEOL JNM-AI SERIES FT-NMR (300 MHz) spec-
trometer, and chemical shifts were reported relative to residual
proton of deuterated solvent, CHCl; (5 =7.26) in ppm. '3C NMR
spectra were recorded in CDCl; solution on the same instrument,
and chemical shifts were reported relative to CDCl3 (§ = 77.00) in
ppm. Mass spectra were recorded on a Bruker Daltonics autoflex
MALDI-TOF MS spectrometer.

4.1. Preparation of 1a

CF3CO,H (150 pL, 1.95 mmol, 3.6 equiv.) was added to a mix-
ture of pyrrole (0.36 mL, 5.4 mmol, 10 equiv.) and di-(2-pyri-
dyl)ketone (3, 100 mg, 0.54 mmol, 1equiv.) and the reaction
mixture was stirred for 1 h at room temperature. After quenching
by addition of Et3N, the reaction mixture was diluted with CH,Cl,
and then purified by silica gel column chromatography to give 1a
in 67% yield (90 mg, 0.36 mmol, 67% yield). 'H NMR (CDCls,
300 MHz, ppm): & 9.41 (br s, 1H), 8.52 (dd, J=1.5, 4.8 Hz, 2H),
7.82 (d, J=7.8Hz, 2H), 7.67 (dt, J=1.5, 7.8 Hz, 2H), 7.18 (dd,
J=4.38, 7.8 Hz, 2H), 6.89 (br s, 1H), 6.77 (d, J= 1.8 Hz, 1H), 6.16
(m, 2H); '3C NMR (CDCls, 75 MHz, ppm): & 162.48, 147.47,
136.88,134.95, 122.34,121.65, 117.22, 108.24, 106.85, 76.39. Anal.
Calc. for 1a: C, 71.70; H, 5.21; N, 16.72. Found: C, 71.58; H, 5.24; N,
16.74%.

4.2. Preparation of 5

To a solution of 4 (11 g, 44.7 mmol, 2.0 equiv.) in THF (140 mL),
n-Buli in hexane (1.6 M, 27.3 mL, 43.8 mmol, 2.0 equiv.) was
added at —78 °C under an argon atmosphere. After stirring for
15 min, di-(2-pyridyl)ketone 3 (4.0 g, 21.9 mmol, 1 equiv.) was
added to the reaction mixture at that temperature. The resulting
solution was stirred for 1 h and then quenched with 1% CH3CO,H
in THF. After removing the cooling bath, the reaction mixture
was diluted with water and CH,Cl,. The organic layer was sepa-
rated, washed with brine and dried over anhydrous Na,SO,4. After
filtration, the solvent was removed under reduced pressure and
the residual oil was purified by silica gel column chromatography
to give 5 (7.3 g, 20.8 mmol, 92% yield). While small amount of
impurities were contaminated after silica gel column separation,
it was used in the next step without further purification. 'H NMR
(CDCl3, 300 MHz, ppm): é 8.50 (d, J=4.8 Hz, 2H), 7.64-7.66 (m,
4H), 7.23 (dd, J= 1.8, 3.3 Hz, 1H), 7.14 (m, 2H), 6.53 (s, 1H), 6.02
(t, J=3.3Hz, 1H), 542 (dd, J=1.8, 3.3 Hz, 1H), 1.36 (s, 9H); 13C
NMR (CDCl;, 75 MHz, ppm): § 163.46, 149.82, 147.69, 138.11,
136.04, 122.91, 122.02, 121.76, 116.42, 109.47, 84.00, 78.61,
27.48; MS (MALDI, positive): m/z=352.2 ([MH]").

4.3. Preparation of 1b

A solution of NaOMe (3.35g, 62 mmol, 3 equiv.) in MeOH
(10 mL) was added to a solution of 5 (7.26 g, 20.7 mmol, 1 equiv.)
in THF (100 mL) and stirred for 1 h at room temperature. After
quenching with H,0, and the reaction mixture was diluted with
brine and CH,Cl,. The organic layer was separated, dried over
Na,S0y,, filtered and evaporated under reduced pressure. The resi-
due was purified by silica gel column chromatography to give 1b
(2.21 g, 8.3 mmol, 40% yield). 'H NMR (CDCls, 300 MHz, ppm): ¢
10.78 (br s, 1H), 8.55 (dd, J=1.8, 4.8 Hz, 2H), 7.66 (dt, J=1.8,
8.1 Hz, 2H), 7.59 (dd, J=0.9, 8.1 Hz, 2H), 7.14 (ddd, J=0.9, 4.8,
8.1 Hz, 2H), 6.83 (m, 1H), 6.19 (m, 1H), 6.14 (m, 1H), 3.21 (s, 3H);
13C NMR (CDCls, 75 MHz, ppm): 5 163.09, 148.28, 136.64, 131.72,
122.00, 121.91, 117.18, 109.03, 107.82, 83.50, 52.53. Anal. Calc.
for 1b: C, 72.43; H, 5.70; N, 15.84. Found: C, 72.24; H, 5.71; N,
15.94%.

4.4. Preparation of 1c

A solution of NaOEt (1.45 g, 21 mmol, 5 equiv.) in EtOH (10 mL)
was added to a solution of 5 (1.50 g, 4.2 mmol, 1 equiv.) in THF
(20 mL) and stirred for 1 h at room temperature. After quenching
with H,0, and the reaction mixture was diluted with brine and
CH,Cl,. The organic layer was separated, dried over Na,SOy, filtered
and evaporated under reduced pressure. The residue was purified
by silica gel column chromatography to give 1¢ (0.53 g, 1.9 mmol,
45% yield). 'H NMR (CDCl3, 300 MHz, ppm): & 10.78 (br s, 1H), 8.55
(dd,J=1.8,4.8 Hz, 2H), 7.66 (dt, ] = 1.8, 8.1 Hz, 2H), 7.59 (dd, J = 0.9,
8.1 Hz, 2H), 7.14 (ddd, J=0.9, 4.8, 8.1 Hz, 2H), 6.83 (m, 1H), 6.19
(m, 1H), 6.14 (m, 1H), 3.21 (s, 3H); '3C NMR (CDCl;, 75 MHz,
ppm): § 163.73, 148.24, 136.64, 132.57, 121.91, 121.70, 116.96,
108.30, 107.76, 83.03, 60.14, 15.54. Anal. Calc. for 1c: C, 73.10; H,
6.13; N, 15.04. Found: C, 73.06; H, 6.13; N, 15.16%.

4.5. Preparation of 7

To a solution of tryptamine (6) (0.87 g, 5.4 mmol, 1 equiv.) and
di-(2-pyridyl)ketone (3) (1.0g, 5.4 mmol, 1equiv.) in toluene
(18 mL), p-toluenesulfonic acid (93 mg, 0.54 mmol, 0.1 equiv.)
was added and the reaction mixture was refluxed for 8 h. After
cooling, the resulting mixture was quenched with aq NaHCO;
and diluted with CH,Cl,. The organic layer was separated, dried
over anhydrous Na,SO,, and filtered. The filtrate was concentrated
under reduced pressure and the residue was purified by silica gel
column chromatography to give 7 (1.35¢g, 4.1 mmol, 77% yield).
TH NMR (CDCl3, 300 MHz, ppm): 6 9.51 (br s, 1H), 8.53 (d,
J=4.8Hz, 2H), 7.65 (t, ] = 4.8 Hz, 4H), 7.54 (d, J= 7.8 Hz, 1H), 7.36
(d, J=7.8Hz, 1H), 7.19-7.07 (m, 4H), 3.30 (br s, 1H), 3.06 (t,
J=5.4Hz, 2H), 2.90 (t, J = 5.4 Hz, 2H); 3C NMR (CDCls, 75 MHz,
ppm): § 165.00, 149.07, 136.54, 135.85, 133.62, 127.06, 121.82,
121.76, 121.72, 119.12, 118.50, 111.15, 110.31, 66.01, 40.10,
22.15. Anal. Calc. for 7: C, 77.28; H, 5.56; N, 17.17. Found: C,
77.30; H, 5.55; N, 17.34%.

4.6. Preparation of 2

A suspension of 7 (0.10 g, 0.31 mmol, 1 equiv.), NaHCO3 (0.36 g,
4.3 mmol, 14 equiv.) and Mel (1.8 mL, 29 mmol, 90 equiv.) in
MeOH (40 mL) was stirred for 2 d at room temperature. The reac-
tion mixture was quenched with aq NH4Cl and diluted with CH,Cl,.
The organic layer was separated, dried over anhydrous Na,SO,4, and
filtered. The solvent was removed under reduced pressure and the
residue was purified by silica gel column chromatography to give 2
(104 mg, 0.30 mmol, 99% yield). "H NMR (CDCls, 300 MHz, ppm): §
8.94 (brs, 1H), 8.61 (dd, J = 1.2, 4.8 Hz, 2H), 7.63 (dt,J = 1.2, 7.8 Hz,
2H), 7.54 (d, J=1.2, 7.2 Hz, 1H), 7.52 (dd, J = 1.2, 7.8 Hz, 2H), 7.23
(d,J=1.2, 7.2 Hz, 1H), 7.15 (ddd, J = 1.2, 4.8, 7.8 Hz, 2H), 7.09 (dt,
J=1.2, 7.2 Hz, 2H), 2.98 (s, 4H), 2.28 (s, 3H); 3C NMR (CDCls,
75 MHz, ppm): § 161.85, 148.45, 136.26, 136.06, 134.72, 126.55,
123.44, 121.79, 121.63, 118.98, 118.41, 111.06, 109.42, 71.10,
48.12, 40.14, 21.14; MS (MALDI, positive): m/z=340.9 ([MH]").
Anal. Calc. for 2 - 0.1CH,Cl,: C, 76.07; H, 5.84; N, 16.06. Found: C,
76.13; H, 5.92; N, 16.09%.

4.7. Preparation of 8a-Cl

A solution of 1a (50 mg, 0.20 mmol, 1 equiv.) and [RhCl(cod)],
(59 mg, 0.12 mmol, 0.6 equiv.) in CH,Cl, (10 mL) was stirred for
15 min at room temperature. The solvent was removed under re-
duced pressure and the residue was purified by silica gel column
chromatography to give 8a-Cl (94 mg, 0.19 mmol, 95% yield). 'H
NMR (CDCls, 300 MHz, ppm): 6 11.03 (br s, 1H), 8.44 (br s, 2H),
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8.28 (d,J = 7.8 Hz, 2H), 7.90 (t, ] = 7.8 Hz, 2H), 7.32 (m, 3H), 7.15 (br
s, 1H), 6.47 (s, 1H), 6.26 (s, 1H), 4.13 (s, 1H), 3.31 (br s, 3H), 2.37 (br
s, 4H), 1.76 (br s, 4H); 3C NMR (CDCls, 75 MHz, ppm): 6 161.79,
148.23, 139.14, 132.72, 125.23, 124.71, 123.83, 110.24, 107.56,
78.46, 30.92, 30.52; MS (MALDI, positive): m/z = 461.1 ((M—HCI]").

4.8. Preparation of 8b-Cl and 10b

A solution of 1b (50 mg, 0.19 mmol, 1 equiv.) and [RhCl(cod)],
(56 mg, 0.11 mmol, 0.6 equiv.) in CH,Cl, (10 mL) was stirred for
15 min at room temperature. The solvent was removed under re-
duced pressure and the residue was purified by silica gel column
chromatography to give 8b-Cl (91 mg, 0.18 mmol, 95% yield).
Treatment of a CH,Cl, solution of 8b-Cl with aq NaHCOs afforded
10b in a quantitative yield. 8b-Cl: 'H NMR (CDCl;, 300 MHz,
ppm): 6 11.65 (br s, 1H), 8.97 (br s, 1H), 7.89 (s, 5H), 7.35 (m,
3H), 6.41 (s, 1H), 6.31 (s, 1H), 4.04 (s, 1H), 3.66 (br s, 1H), 2.97 (s,
3H), 2.43-1.54 (m, 8H); 3C NMR (CDCls;, 75 MHz, ppm): &
149.49139.40, 126.25, 125.88, 123.66, 116.10, 107.32, 84.21,
52.94, 31.55, 30.95, 27.97, 22.62, 14.10. 10b: 'H NMR (CDCls,
300 MHz, ppm): ¢ 8.52 (d, J=4.8 Hz, 2H), 7.73 (m, 4H), 7.15 (m,
2H), 6.53 (s, 1H), 6.27 (s, 1H), 6.10 (s, 1H), 4.13 (br s, 2H), 3.34
(br s, 2H), 3.24 (s, 3H), 2.12—-1.61 (m, 8H); >C NMR (CDCls,
75 MHz, ppm): § 149.49, 136.74, 132.43, 125.66, 125.64, 125.08,
122.37, 106.28, 106.26, 105.98, 87.21, 81.80 (br), 79.91 (br),
53.60, 29.91. Anal. Calc. for 10b - 0.7CH,Cl,: C, 55.47; H, 5.16; N,
7.86. Found: C, 55.80; H. 5.18; N, 7.85%.

4.9. Preparation of 9-Cl and 11

A solution of 2 (50 mg, 0.15 mmol, 1 equiv.) and [RhCl(cod)],
(45 mg, 0.091 mmol, 0.6 equiv.) in CH,Cl, (10 mL) was stirred for
15 min at room temperature under an argon atmosphere. The sol-
vent was removed under reduced pressure and the residue was
purified by silica gel column chromatography to give 9-Cl
(85 mg, 0.15 mmol, 95% yield). Treatment of a CH,Cl, solution of
9-Cl with aq NaHCOs afforded 11 in a quantitative yield. 9-Cl: 'H
NMR (CDCl;, 300 MHz, ppm): 6 13.43 (br s, 1H), 9.11 (d,
J=7.2Hz, 1H), 894 (d, J=5.4Hz, 1H), 8.22-8.13 (m, 3H),
7.72—7.64 (m, 2H), 7.53 (d, J = 7.2 Hz, 1H), 7.42 (d, J = 6.9 Hz, 1H),
7.13-7.36 (m, 3H), 3.86-3.80 (m, 1H), 3.70 (s, 4H), 3.07-3.29 (m,
2H), 2.81-2.57 (m, 5H), 2.43 (s, 3H), 2.09-1.95 (m, 4H); '3C
NMR (CDCl3, 75 MHz, ppm): § 160.57, 155.11, 149.91, 146.49,
140.44, 140.08, 137.77, 127.49, 127.07, 125.95, 125.54, 124.85,
124.24, 123.11, 119.71, 117.76, 117.68, 114.34, 108.72, 75.47 (d,
Jrn-c = 13.7Hz), 75.03 (d, Jrn-c=14.3 Hz), 51.30, 38.95, 31.73,
30.61, 17.50; MS (MALDI, positive): m/z=551 ([M-CI]*). 11: 'H
NMR (CDCl3, 300 MHz, ppm): 6 8.67 (d, J =4.9 Hz, 2H), 7.82 (br s,
2H), 7.74 (dt, J=1.4, 7.6 Hz, 2H) 7.46-7.36 (m, 2H), 7.20 (br t,
J=6.0Hz, 2H), 6.93-6.83 (m, 2H), 3.43 (br s, 2H), 2.98 (s, 5H);
13C NMR (CDCls, 75 MHz, ppm): 6 148.78, 145.26, 145.24, 138.98,
136.61, 128.93, 125.21, 121.89, 118.37, 117.38, 115.88, 114.24,
108.01, 79.24, 74.16, 53.42, 48.87, 40.98, 29.47, 22.20; Anal. Calc.
for 11 - 0.8CH,Cl,: C, 59.72; H, 5.47; N, 9.04. Found: C, 59.95; H.
5.36; N, 9.00%.

4.10. Typical procedure for anion exchange

8-Cl or 9-Cl in CH,Cl;, was treated with slightly excess amounts
of AgX or NaX. After filtration and evaporation, the residue was
recrystallized from CH,Cly/hexane to give 8-X or 9-X.

4.11. Preparation of 8a-PFg

Starting from 58 mg (0.12 mmol) of 8a-Cl, 64 mg of 8a-PFs was
obtained (0.105 mmol, 88% yield). 'H NMR (CDCls, 300 MHz, ppm):

59.28 (brs, 1H), 8.49 (d, ] = 4.8 Hz, 2H), 8.25 (d, ] = 7.9 Hz, 2H), 7.97
(dt, = 1.8, 7.9 Hz, 2H), 7.38 (ddd, J = 1.2, 5.5, 7.3 Hz, 2H), 7.20 (dd,
J=2.8, 4.0 Hz, 2H), 6.38-6.34 (m, 2H), 4.15 (s, 1H), 3.70-3.47 (m,
4H), 2.41-2.30 (m, 4H), 1.82-1.74 (m, 4H).

4.12. Preparation of 9-PFs

Starting from 10 mg (17 pmol) of 9-Cl, 10 mg of 9-PFs was ob-
tained (14 pmol, 84% yield). "TH NMR (CDCls, 300 MHz, ppm): 6
11.71 (br s, 1H), 8.97 (d, J = 4.4 Hz, 1H), 8.80 (d, J = 8.0 Hz, 1H),
8.25 (d, J=5.1Hz, 1H), 8.12 (dt, J=1.0, 8.0Hz, 1H), 8.06 (d,
J=8.0Hz, 1H), 7.68 (t, J=8.0 Hz, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.48
(d,J =8.0 Hz, 1H), 7.46-7.42 (m, 1H), 7.38-7.15 (m, 3H, overlapped
with the CHCl; signal), 3.82 (dd, J = 5.2, 13.2 Hz, 1H), 3.75-3.68 (m,
4H), 3.32-3.06 (m, 2H), 2.82-2.46 (m, 5H), 2.44 (s, 3H), 2.13-1.91
(m, 4H).

4.13. Preparation of 9-BPh,

Starting from 30 mg (51 pmol) of 9-Cl, 40 mg of 9-BPh, was ob-
tained (46 pmol, 90% yield). 'TH NMR (CDCls, 300 MHz, ppm): 6
11.60 (br s, 1H), 8.27 (d, J=5.1 Hz, 1H), 7.95 (s, 1H), 7.70-7.65
(m, 1H), 7.54 (d, J=7.6 Hz, 1H), 7.45-7.13 (m, 16H, overlapped
with the CHCl; signal), 6.91-6.75 (m, 12H), 3.73-3.61 (m, 5H),
3.24-3.10 (m, 1H), 3.00-2.88 (m, 1H), 2.76-2.50 (m, 5H), 2.29 (s,
3H), 2.12-1.90 (m, 4H).

4.14. Preparation of 9-NOs

Starting from 106 mg (181 pmol) of 9-Cl, 110 mg of 9-NO5 was
obtained (179 pmol, 99% yield). 'H NMR (CDCl3, 300 MHz, ppm): &
12.90 (brs, 1H), 8.95 (d,J = 5.1 Hz, 1H), 8.90 (d, J = 8.1 Hz, 1H), 8.23
(d, J=5.1Hz, 1H), 8.12 (dt, J=1.8, 7.8 Hz, 1H), 8.02 (d, J=8.1 Hz,
1H), 7.70 (dt, J=1.5, 7.8 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.55 (d,
J=8.1Hz, 1H), 7.45-7.39 (m, 1H), 7.36-7.14 (m, 3H, overlapped
with the CHCl; signal), 3.82 (dd, J=5.4, 13.0 Hz, 1H), 3.75-3.66
(m, 4H), 3.33-3.07 (m, 2H), 2.79 (dd, J=4.8, 13.0 Hz, 1H), 2.77-
2.45 (m, 5H), 2.44 (s, 3H), 2.14-1.90 (m, 4H).

4.15. Preparation of 9-OCOCF;

Starting from 106 mg (181 pmol) of 9-Cl, 85 mg of 9-0OCOCF;
was obtained (125 pumol, 69% yield). 'TH NMR (CDCls, 300 MHz,
ppm): § 12.72 (s, 1H), 8.97 (d, J=4.8 Hz, 1H), 8.78 (d, J=8.4 Hz,
1H), 8.25 (d, J= 5.1 Hz, 1H), 8.05 (dt, J = 1.8, 8.0 Hz, 1H), 7.85 (d,
J=8.0Hz, 1H), 7.66 (dt, J=1.5, 8.4Hz, 1H), 7.56 (d, J=7.7 Hz,
1H), 7.50 (d, J=7.7 Hz, 1H), 7.43 (dd, J=5.6, 7.4 Hz, 1H), 7.35-
7.15 (m, 3H, overlapped with the CHCl; signal), 3.83 (dd, J=5.1,
12.6 Hz, 1H), 3.76-3.69 (m, 4H), 3.33-3.07 (m, 2H), 2.80 (dd,
J=4.5, 16.2 Hz, 1H), 2.74-2.51 (m, 5H), 2.44 (s, 3H), 2.15-1.90
(m, 4H).

4.16. X-ray diffraction studies

X-ray analysis was performed on a SMART APEX equipped with
CCD detector (Brucker) using Mo Ko (graphite, monochromated,
2=0.71069 A) radiation. Crystal data and data statistics of 1a, 1b,
1c, 2, 8a-Cl, 8a-PF; and 11 are summarized in Tables 5 and 6.
The structures were solved by the direct method of sHeLxs-97 and
refined using the sHELxL-97 program [27]. The non-hydrogen atoms
were refined anisotropically by the full-matrix least square
method. Hydrogen atoms were refined isotropically for 1a, 1b,
1c, and 2, and were placed at calculated positions for 8a-Cl, 8a-
PFg, and 11.
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Table 5
Crystal data and structure analysis results
La 1b Ic 2
Formula Cy5H13N50 Ci6H15N30 Ci7H17N50 CaoHoN4
Crystal system Monoclinic Orthorhombic Triclinic Monoclinic
Space group P2)/c (No. 14) Pbca (No. 61) P1 (No. 2) P2)/c (No. 14)

R, Rw(I>2a(I))
R), WR; (all data)

0.0390, 0.0453
0.1009,0.1051

0.0320, 0.0476
0.0765, 0.0810

0.0473, 0.0530
0.1337,0.1388

0.0400, 0.0685
0.0831,0.0896

Goodness-of-fit 1.057 0.919 1.073 0.850
a (A) 11.1699(19) 10.918(5) 8.6358(6) 8.5804(5)
b (A) 8.0159(13) 14.885(6) 8.8382(6) 12.2131(7)
c(A) 13.685(2) 16.612(7) 10.4813(7) 17.1707(10)
o (°) 90 90 95.551(2) 90
B (°) 91.249(4) 90 100.537(1) 100.226(2)
y () 90 90 105.804(1) 90
Vv (A3) 1225.0(3) 2700(2) 747.63(9) 1770.79(18)
z 4 8 2 4
T (K) 223(2) 223(2) 173(2) 223(2)
Crystal size (mm) 0.36 x 0.31 x 0.22 0.22 x 0.12 x 0.08 0.60 x 0.36 x 0.14 0.15 x 0.12 x 0.08
Dearc (g cm™3) 1.363 1.306 1.241 1.277
201,200z (°) 3.6, 52.0 4.9, 50.5 4.0, 55.0 4.1,55.0
Number of reflections measured (unique) 2399 2437 3402 4074
Number of reflections measured (I > 2a(I)) 1987 1769 2863 2541
Number of parameters 225 242 259 316
A(eA3) 0.241, —0.186 0.179, —0.143 0.418, —0.300 0.215, —-0.215
Table 6
Crystal data and structure analysis results

8a-Cl 8a-PFg 11
Formula Cy3H4CIN;ORK C30H31N4Rh - 0.5CH,Cl, 2(C30H31N4Rh) - CH,Cl,
Crystal system Triclinic Orthorhombic Orthorhombic
Space group P1 (No. 2) Pna2; (No. 33) Pna2; (No. 33)
R, Rw(I > 2a(I)) 0.0344, 0.0377 0.0385, 0.0562 0.0326, 0.0449
R,WR; (all data) 0.0889, 0.0904 0.0755, 0.0794 0.0692, 0.0719
Goodness-of-fit 1.008 0.880 0.927
a (A) 9.4982(5) 20.2257(10) 20.2257(10)
b (A) 10.5132(5) 18.3289(9) 18.3289(9)
c(A) 12.1101(6) 14.1306(7) 14.1306(7)
o (°) 95.953(1) 90 90
B (°) 106.676(1) 90 90
7 ) 113.828(1) 90 90
V(A3 1025.84(9) 5238.4(4) 5238.4(4)
z 2 8 4
T (K) 223(2) 243(2) 243(2)
Crystal size (mm) 0.23 x 0.15 x 0.05 0.18 x 0.06 x 0.05 0.18 x 0.06 x 0.05
Deatc (g cm™3) 1.608 1.504 1.504
20,200z (°) 3.6,52.0 3.0, 52.0 3.0,52.0
Number of reflections measured (unique) 4009 10,268 5379
Number of reflections measured (I > 2a(I)) 3604 7695 4344
Number of parameters 263 660 660
A4 (e A3) 0.712, —0.765 0.954, —0.367 0.990, —0.360
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